Cadherins, a multigene family of transmembrane glycoproteins, mediate Ca2-dependent intercellular adhesion. They are thought to be essential for the control of morphogenetic processes, including myogenesis. Here we report the identification and characterization of the cDNA of another member of the cadherin family, M-cadheria (M for muscle), from differentiating muscle cells. The longest open reading frame of the cDNAs isolated contains almost the entire coding region of the mature M-cadherin as determined by sequence homology to the known cadherins. M-cadherin mRNA is present at low levels in myoblasts and is upregulated in myotube-forming cells. In mouse L cells (fibroblasts), M-cadherin mRNA is undetectable. This expression pattern indicates that M-cadherin is part of the myogenic program and may provide a trigger for terminal muscle differentiation.
Cadherins are a multigene family of Ca2+-dependent cell adhesion molecules. They are transmembrane glycoproteins consisting of an extracellular domain divided into subdomains EC1-EC5, a transmembrane region, and a cytoplasmic domain (1, 2) . The extracellular domains mediate Ca2+-dependent intercellular adhesion by homophilic interactions (1, 3) . The different members of the cadherin family share a defined pattern of sequence homology. The homologies are most prominent in the cytoplasmic domain and in EC1 and EC2 and much less so in EC5 and in the transmembrane region (2) . The binding properties and specificities of the adhesive function are located in the N-terminal part of the molecules (3, 4) .
Three members of the family, the neuronal (N), epithelial (E), and placental (P) cadherins, have been characterized molecularly in the mouse (5) (6) (7) and in other species. Recently, two additional cadherins, truncated (T) cadherin (8) and EP-cadherin (9) , have been identified in chicken and Xenopus, respectively. Each member of the cadherin family exhibits a tissue-and development-specific pattern of expression. The cadherins have been shown to be involved in morphogenetic processes such as guidance of nerves (10) , polarization of epithelial cells (11) , and myogenesis (12) . Thus , cadherins contribute to cell-cell communications during development and maintenance of tissues and thereby could influence these processes.
In myogenic cells, N-cadherin has been described in myoblasts and myotubes in culture (12, 13) . In situ it is transiently expressed in skeletal muscle cells during development (1) . To date, no other cadherin has been identified in skeletal muscle cells in situ or in cell culture. There has been only one report suggesting that anti-N-cadherin antibodies detect a second cadherin in developing rat L6 myotubes (13) .
Here we report the identification of a member of the cadherin family, M-cadherin (M for muscle), in myogenic mouse cells. M-cadherin is not found in fibroblasts and is expressed at low levels in myoblasts. It is upregulated after induction of myotube formation, indicating a specific function in skeletal muscle cell differentiation. § MATERIAL AND METHODS Cells. C2 cells, a myogenic mouse cell line originally isolated by Yaffe and Saxel (14) , were grown in Waymouth medium containing 20% fetal bovine serum. Formation of myotubes was induced by switching cells to Dulbecco's modified Eagle's medium supplemented with insulin (10 pug/ml). For immunofluorescence studies, cells were grown on coverslips coated with calf skin collagen (Sigma) and were fixed with methanol.
Amplifcation, Cloning, and Analysis of cDNA. Cytoplasmic RNA was isolated from C2 myoblasts and C2 myotubes according to published procedures (15) . Forfirst-strand cDNA synthesis, RNA was hybridized to oligonucleotide primer P1 ( Fig. 1 ) and the primer was extended with avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim). The polymerase chain reaction (PCR) was performed (16) using primers P1 and P2 (Fig. 1) . After analysis by electrophoresis in 1% agarose gels, PCR products were treated with Klenow enzyme in the presence ofall four dNTPs to improve cloning efficiency and cloned into the Sma I site of plasmid vector pUC19 (Boehringer Mannheim). Nucleotide sequences of selected PCR cDNA clones were determined by the enzymatic dideoxy chain-termination method (17) on double-stranded DNA with a T7 sequencing kit (Pharmacia).
Isolation of cDNA Clones. M-cadherin cDNA clones were isolated by plaque hybridization (18) 
RESULTS
Isolation and Sequence Determination of M-cadherin cDNA. The basic assumption for the experimental approach to isolate M-cadherin by PCR was that regions ofhomology between N-, E-, and P-cadherin should be shared by a novel cadherin. The best candidate domain for such a homology search was the cytoplasmic domain of the cadherins, since they are 60-80%o identical at the amino acid sequence level. Two regions of nucleotide homology were identified by computer analysis in the cytoplasmic domains ofthe three known mouse cadherins. Consensus sequences were derived from these conserved nucleotide sequence elements and used for the synthesis of oligonucleotide primers P1 and P2 ( Fig. 1) for PCR. Firststrand cDNAs from RNA of mouse C2 myoblasts and developing myotubes were amplified and PCR products were cloned into plasmid vector pUC19. In the known cadherin sequences, the distances between the PCR primers are 379 (N-cadherin), 358 (E-cadherin), and 361 (P-cadherin) nucleotides. Thus, the fragment of a novel cadherin sequence was expected to be about this length. Nucleotide sequences of 39 clones that had about the expected size were determined and their amino acid sequences were deduced. Subsequently, PCR clones were grouped according to their amino acid homologies to the known cadherins. Of the clones sequenced, one was 100o identical to N-cadherin, which has been shown to be expressed in myogenic cells (12, 13) . A second clone, showing 60% identity and thus being very similar to the known cadherins, most likely represented a different and independent cadherin, which we named M-cadherin (M for muscle). The rest ofthe clones showed no significant homologies to proteins of the cadherin family.
From a Agtll cDNA library prepared from RNA of C2 myotubes (gift from John Merlie), we isolated additional, overlapping M-cadherin cDNAs and determined their nucleotide sequences. Amino acid sequences were deduced from the nucleotide sequence ( Fig. 2) obtained and the open reading frames were analyzed by comparison to the peptide sequences of murine N-cadherin (5), E-cadherin (6), and P-cadherin (7). This analysis showed that an open reading frame of 730 amino acids exhibits the highest homologies to the known cadherins (Fig. 3 ). In addition, almost all of the 3' untranslated region of M-cadherin mRNA was identified as determined by PCR analysis (data not shown).
Analysis of the M-cadherin protein sequence revealed a hydrophobic region between amino acids 536 and 573. This putative transmembrane region is followed by a stretch of positively charged amino acids, a composition typical for transmembrane regions. Furthermore, in subdomain EC5 four cysteine residues are conserved in N-, P-, E-, and M-cadherin, suggesting an important role for these residues in the cadherin structure. Putative glycosylation sites in M-cadherin differ from those in the known cadherins (Fig. 4 and ref.
2). Finally, overall comparison ofM-cadherin protein sequence to the known cadherin proteins indicated that M-cadherin has a domain structure that is similar to those of N-, E-, and P-cadherin (Figs. 3 and 4) .
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Proc. Natl. Acad. Sci. USA 88 (1991) ECO Analysis of M-cadherin RNA Expression. Poly(A)+-enriched cytoplasmic RNA from C2 myoblasts, developing C2 myotubes, and mouse L-cell fibroblasts was analyzed by Northern blot hybridization (Fig. 5) . C2 myoblasts expressed M-cadherin RNA at a low level. Upon induction of myotube formation the amount ofM-cadherin RNA was increased. Reprobing this Northern blot with a skeletal muscle-specific troponin T cDNA fragment isolated from C2 cells (unpublished results; ref. 21 ) gave rise to a signal in RNA from C2 myotubes but not from C2 myoblasts (Fig. 5c ). This suggests that the low level of M-cadherin mRNA in C2 myoblasts is not simply due to the presence of already-differentiated muscle cells.
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The slight size heterogeneity of M-cadherin RNA is most likely not the result ofdegradation, since rehybridization with mouse cytochrome c oxidase cDNA gave rise to a band of 1.8 kilobases as expected (ref. 20 and Fig. 5b ). It is also unlikely that the apparent heterogeneity of M-cadherin RNA is due to cross-hybridization with N-cadherin RNA. In C2 cells, N-cadherin RNA is detectable by PCR but not in Northern blots whereas M-cadherin RNA can be easily shown by hybridization (unpublished results and Fig. 5) . Possibly, size heterogeneity of M-cadherin hybridization products is due to different lengths of poly(A) tails or to hybridization of other related sequences. Colinearity of M-cadherin cDNA with M-cadherin mRNA was shown by RNA-based PCR analysis (unpublished results). L-cell fibroblasts did not express M-cadherin RNA (Fig. 5a ), a finding that was confirmed by PCR analysis (data not shown).
Expression of M-cadherin appears to be regulated in a similar manner during C2 cell differentiation as has been shown for other muscle-specific proteins such as troponin T (Fig. 5c and ref. 21 ) or myosin heavy and light chains (22) and thus might be part of the myogenic program.
Analysis of M-cadherin Protein Expression. Polyclonal antibodies were raised against a synthetic M-cadherin peptide (Mcadl) deduced from a region of the putative protein Comparison EC1 EC2 EC3 EC4 EC5 TM CP   M:N  42  51  41  45  29  28  56  M:E   44  48  39  36  23  32  51  M:P  43  51  42  41  27  40  49  E:N  58  55  46  44  30  47  64  N:P  51  58  46  51  32  32  60  E:P  66  61  53  48  41  60  80 For details see legend to Fig. 4 .
Proc. Natl. Acad. Sci. USA 88 (1991) sequence that exhibits low homology to the other cadherins (see Fig. 3 ). This peptide is located in subdomain ECI and has the sequence FSIDKFTGRVYLNAT (for details, see Material and Methods). With these anti-Mcadl antibodies, immunofluorescence studies were performed on C2 myotubes at day 3 after switching to differentiation medium and on C2 myoblasts (Fig. 6 a and b) . Negative control experiments were done using preimmune serum instead of specific antiserum ( Fig. 6 c and d ). These studies indicate that a protein containing the peptide sequence deduced from M-cadherin cDNA is readily demonstrated in differentiating myotubes (Fig. 6b) but is not detectable in C2 myoblasts (Fig. 6a) . It is not clear whether these antibodies fail to detect M-cadherin in C2 myoblasts, which do contain some M-cadherin mRNA (Fig. 5a ), or whether M-cadherin mRNA is translated only after induction of differentiation.
DISCUSSION
In this paper we report the isolation and characterization of M-cadherin cDNA, another member of the cadherin multi- gene family, from differentiating mouse muscle cells. Analysis of M-cadherin nucleotide and deduced amino acid sequences revealed that the protein sequence as well as the domain structure are significantly similar to those of N-, E-, and P-cadherin. This result strongly suggests that M-cadherin is indeed a Ca2+-dependent cell adhesion molecule that is expressed in skeletal muscle cells in addition to N-cadherin.
Despite these similarities, M-cadherin is less homologous to the known cadherins at the protein level than the known cadherins are to one another ( Fig. 3 and Table 1; ref. 2) . This applies to several of the domains and subdomains compared. Earlier data (3) have demonstrated that the N-terminal 113 amino acids of E-and P-cadherin carry the specificity for their homophilic binding properties and have suggested that amino acids 78-83 of this binding domain may be a center for the homophilic interaction. Comparison of these residues from M-cadherin with those in E-, N-, and P-cadherin revealed that this motif (underlined in Fig. 3 ) again diverges more in M-cadherin than in the other members of the gene family. Especially the amino acid trimer HAV is conserved in the known cadherins (3) but is different in M-cadherin. These observations suggest that M-cadherin separated early in evolution from a precursor of the other cadherins. In the context of evolution of cadherin genes, we note that the M-cadherin gene, like the E-cadherin gene, is located on mouse chromosome 8 whereas the N-cadherin gene is not (K. Kaupmann, A.S.-P. and H. Jockusch, unpublished work).
Our data show that M-cadherin is upregulated only after induction of myotube formation. If cadherins indeed play important roles in morphogenesis such as cell layer separation, cell recognition, and cell rearrangements (1) , then the regulated expression of M-cadherin during terminal differentiation of skeletal muscle cells should help to ensure the proper temporal and spatial developmental pattern of the muscle phenotype in situ. Moreover, expression of M-cadherin seems to be regulated similarly to that of musclespecific genes such as those for troponin T, myosins, or muscle creatine kinase ( Fig. 5c ; refs. [21] [22] [23] . This raises the question of whether the same or overlapping factors that regulate expression of these genes, including myogenic factors, are also operative in the control of M-cadherin expression.
Little is known about the biological role of cadherins during muscle development. Earlier experiments (12), however, have indicated that N-cadherin mediates interaction of myoblasts, possibly in concert with the Ca2+-independent cell adhesion molecule NCAM (24, 25) . NCAM is expressed on myoblasts as well as on myotubes in culture and on regenerating fibers in situ but is undetectable on mature muscle fibers except at the motor endplate (26) . Some of these studies (12, 24, 25) have also suggested that N-cadherin and NCAM are not sufficient to trigger induction of myotube formation. In fact, this might mean that an additional signal is required for myoblasts to fuse. The results presented in this report suggest that M-cadherin is a candidate for this signaling role. This, however, does not exclude the possibility that M-cadherin is also involved in the subsequent morphogenesis of muscle fibers.
Generally, it has been suspected that expression of more than one of the known cadherins might be necessary for the specificity ofcadherin-mediated intercellular communication during morphogenetic events (1, 5) . With regard to myogenesis, such an idea is in line with the following observations: (i) N-cadherin is apparently not sufficient to trigger myotube formation (12) , (it) study of the regulation of cadherins during development of rat L6 myotubes has suggested a second cadherin in these cells (13) , and (iii) the identification of M-cadherin (this paper) proves molecularly that muscle cells contain at least two cadherins.
What could be the molecular action of a molecule like M-cadherin and what might be its functional relationship to N-cadherin in muscle cells? Skeletal muscle cell differentiation in the embryo as well as in adult regenerating muscle tissue certainly requires (a) communication of myoblasts prior to fusion, in order to distinguish between unrelated cell types and self, and (b) conversion of this recognition signal into the triggering signal for fusion and maturation of muscle fibers. In the first part of this process, of the Ca2l-dependent adhesion molecules known, only N-cadherin might be involved, as has been indicated (12) . Upon induction of development, M-cadherin is upregulated and might provide a trigger for the fusion process as well as the subsequent morphological steps towards maturation of muscle fibers.
